Abstract: A thickness gradient interpenetrating polymer network (IPN) was easily created that takes advantage of the relatively poor compatibility and curing rates discrepancy between epoxy (EP) and polyurethane (PU). Ultraviolet absorption spectrum (UV-Vis), thermogravimetric (TG), Differential scanning calorimetry (DSC), Dynamic thermomechanical analysis (DMA), Atomic force microscope (AFM) and water contact angle were adopted to characterize this IPN structure. We found that the absorption in visible light region, glass-transition temperatures (Tg), thermal decomposition temperatures (Td) and Derjaguin-Muller-Toporov (DMT) modulus were increasing along with the gradient direction from bottom side to top side of the IPN. While the absorption in ultraviolet region and adhesion force were decreasing along with the gradient direction from bottom side to top side of the IPN. DMA analysis demonstrates that this continuous gradient IPN has a good balance between the damping temperature range and the loss factor which is suitable for using as a self-supporting damping structure.
Introduction
Polymers have been a promising damping materials because of their good damping capacity to decrease noise and vibration within their range of glass-transition temperature (Tg) [1, 2] . However, the limited damping temperature range ΔT (usually covers 20-30 °C), the low storage modulus E′ (less than 1 GPa) and the mismatch between the working frequencies and actual required frequencies limit the applications of polymers as damping materials in engineering [3] . The several existing types of damping polymers (such as the polymer blend, copolymer, IPNs) have still not solved these deficiencies [4] [5] [6] [7] [8] [9] . Therefore, damping polymers must be attached onto substrates to work as free damping or constrained damping structures instead of being singly used as structures until now [10] [11] [12] . However, the serious mismatching of modulus between polymers and substrates might cause some interfacial problems such as stress concentration and joint failure after periods of vibration.
Gradient materials are composites with continuous variation of properties from one side to another [13] , which can decrease some shortcomings of the traditional composites, such as the abrupt changing of stress distributions at interfaces in damping structures and low resistance to temperature shocks. Since the concept of gradient materials was put forward in 1984 [14, 15] , lots of papers have been published [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . However, the ambiguous terms "graded material", "thickness gradient" or "bilayer material", which can be found in literatures, are shown in Figure 1 . Graded material (Figure 1a ) is a multi-layered structure, in which the compositions change stepwise from one layer to another along a certain direction, while the compositions in each layer are homogeneous. This kind of graded material is usually generated layer by layer. In addition, the mechanical properties of composites transform orderly from each adjacent sections.
Bilayer material (Figure 1b ) has a thin-inside transition zone, in which the compositions change sharply. In contrast, the compositions are homogeneous outside the transition zone. There are two different methods to prepare the bilayer material. One is casting different resins into a mold via layer by layer. In addition, the transition region is generated by molecular diffusion during the curing process. The other is using an incomplete self-stratification of resin mixture to form a thin film. Mechanical properties (e.g., storage modulus and stiffness) of this bilayer material in transition region would change sharply. The stress of this bilayer material usually concentrates in this transition zone, which will lead to adhesive failure under tensions along graded direction. Bilayer material cannot be regarded as the truly gradient material because of its limited phase interfacial transition zone.
Gradient composite, as shown in Figure 1c , has a continuous changing of compositions from one side to the other. It can be regarded as combinations of infinite ultra-thin layers, and each layer is homogeneous in composition. The unique structure endows this kind of composites a plenty of new properties comparing to the traditional polymers. Previous works of this gradient composite mainly focused on the fabricating methods, mechanical analysis or biocompatibility [27, 28] . While, the damping properties of gradient materials are still unclear. Furthermore, the fabricating processes of these gradient materials are usually complex, expensive and time-consuming [29, 30] .
Within the temperature region of the two Tg points of PU and EP (Tg of PU ≤ T ≤ Tg of EP), rubbery state, glass transition region and glassy state are coexisting in the gradient composite. Because the "transition regions" in gradient composite always exist and transfer with the temperature, this gradient composite show better damping performances in various environment comparing to homogeneous polymers. In addition, the glassy state region of this composite can provide self-supporting strength and keep its own shape. This kind of structure can replace the traditional constrained damping structures when the soft side was pasted onto substrates, because the stress concentration and risk of adhesion failure will reduce with the decreasing of contact interfaces. Therefore, the gradient composite may be a promising damping material, which could be used in automobile, shipbuilding and aerospace industry.
In nature, there are many gradient structures, e.g., bamboo, squid's beak and mussel byssus [31] [32] [33] . As shown in Figure 2 , in order to resist the waves, mussel possess the natural strategy to minimize interfacial stresses via byssus anchor itself onto hard rocks, and 70% of the absorbed energy can be dissipated by the byssus [34] [35] [36] [37] . Inspired by natural gradient structures, we prepared a series of thickness-continuous gradient IPNs due to the relative poor compatibility and curing rates discrepancy between EP (LY-1564) and PU (130 T). Our previous article has reported the self-gradient mechanism and the morphology of these IPNs [38] . Here we report the damping, wettability and thermal properties of this thickness-continuous gradient IPN.
Materials and Methods

Materials
Low viscosity epoxy LY-1564 (1200~1300 CPS, 1.06 g/cm 3 , 25 °C) was bought from Huntsman. Double-pack polyurethane (PU, 130 T) was purchased from Ausbond; of which component A (PU-a, 1.11 g/cm 3 , 25 °C) is the isocyanate, component B (PU-b, 0.98 g/cm 3 , 25 °C) is the polyalcohol. Mix viscosity of the double components is 1600 CPS under 25 °C. Curing agent 2,4,6-Tris (dimethylaminomethy) phenol (DMP-30) was acquired from Shanghai Deyin Chemical Company. Solid phosphoric acid (chemical pure, sifted out through 600 mesh) was prepared from Shanghai Yunlong chemical reagent works.
Preparation of Samples
All materials were dried in a vacuum oven at 70 °C under −0.1 MPa for more than 3h before used.
Three kinds of IPN samples (the homogeneous IPN, the continuous gradient IPN and the graded one) were prepared and tested to have a detailed research of the damping performances.
For the homogeneous one (PU to EP equals to 35/65 by weight), 9.72 g (19.44%) PU-a, 7.78 g (15.56%) PU-b (according to the recommend dosage PU-a: PU-b is 5/4 by weight), 0.3 g solid phosphorus acid and 32.5 g (65.00%) EP were mixed together. After stirred for several minutes, 2.6 g DMP-30 was dropped into the mixture. Then, the colorless mixture was put into a vacuum drying oven under −0.1 MPa (15 °C) to remove bubbles after a completely stirring by a homogenizer. The mixture was then casted into the mold and cured under vacuum environment at 80 °C for 12h. Solid phosphorus acid used here was to reduce the side reactions of isocyanate root. Size of the casting bodies is 2.17 mm × 100 mm × 100 mm.
As for the continuous gradient IPN, the liquid mixture was prepared according to the homogeneous one. However, the defoamed mixture was cured differently. The castings were horizontally placed in the vacuum oven for 24h (−0.1 MPa, 10 °C) first, and then were postcured. Sample sizes were the same as the homogeneous IPN.
Besides, to simulate the gradient structure, a third type of specimen (the graded sample), which consists of 6 layers of h-IPN whose component ratio of PU to EP were 0/100, 6/94, 12/88, 25/75, 50/50, 100/0 separately, were made and cured at 80 °C by layer-by-layer method. Thickness of each layer was 0.4 mm.
Measurement
UV-Vis absorption of sample was carried out using an Avalight-DH-S-BAL (Avantes, Apeldoorn, The Netherlands). Fracture surfaces should be carefully polished by 5000 mesh abrasive papers using a PHOENIX 4000 lapping and polishing machine (Buehler, Lake Bluff, Illinois, IL, USA) and vacuum dried before testing. Contact angles were measured using the "sessile drop method" through a Newjc2000X contact angle analyzer (POWEREACH, Shanghai, China). Contact angles were read through the Yong-Lapalace fitting & analysis software (trial version, Kino, Hongkong, China). Modulus distributions (under the temperature of 20 °C) of the fractured surfaces were taken in the air with Peak Force QNM mode using the J scanner on a MultiMode8 Scanning Probe Microscopy (BRUKER, Karlsruhe, Germany) at room temperature after the absolute calibration. Fracture surface should be carefully polished according to the UV-Vis method and vacuum drying in case of breakage of the probes.
Differential scanning calorimeter (TA Q2000, TA Instruments, New Castle, CA, USA) was applied to record the glass-transition temperatures of the slices along the gradient direction. Temperature was stabilized at 80 °C for 5 min to eliminate the thermal history and then swept from −40 to 95 °C at a slope of 15 °C/min in nitrogen atmosphere (50 mL/min, aluminum crucible). After the thermal history was eliminated and the slices were rapid cooled, the second scanning curves were recorded. Thermostability (TG analysis) of casting bodies was measured by the STA449c/3/G (NETZSCH, Bavaria, Germany) with a heating rate of 10.0 °C/min (air atmosphere) from 50 to 600 °C. The DMA/STDA 861e (METTLER TOLEDOR, Zurich, Switzerland) equipment (shear mode) was used for damping analysis. Temperature ranges from −40 to 130 °C at a heating rate of 1.5 °C/min, 1 Hz. Samples size was ɸ8.79 mm × 2.17 mm.
The self-gradient mechanism of the mixture can be found on the literature published before [38] .
Results and Discussion
UV-Vis Absorption
Because the UV-vis absorption shows different intensities along with the gradient direction of the IPN, it can be used for detecting the gradient structure. As shown in Figure 3 , after the specimen was fractured (along the direction of thickness) and well-polished, 1/8 h, 1/2 h and 7/8 h regions were selected for testing. As shown in the top left insert figure, the peaks of 214, 318 and 368 nm can be assigned to the maximum absorption of acylamino groups, the R bond of ketone groups and the ether bonds in PU, respectively. Peaks at 203 and 230 nm should be ascribed to the maximum absorption E2 bond and the triethylene conjugated structure of benzene rings in EP [39] [40] [41] . Besides, the absorption band between 470 and 560 nm may be attributed to the conjugated structures between tertiary amine and the benzene rings, which explain the tawny color of cured EP.
As shown in Figure 3 , the chosen regions show similar absorption in the UV band. In addition, compared to PU and EP, the new peak of 277 nm in IPN could be assigned to the inter-molecular interaction between acylamino group in PU and the alkoxy groups in EP. According to the absorption curves of h/8, h/2 and 7h/8 regions, we can find that the absorption intensities between 200 and 400 nm decrease from the bottom side to the top side of the sample. This indicates that the percentage of PU in the IPN composite is reducing along the gradient direction. In addition, the absorption of benzene ring (203 nm) in the chosen regions of the sample implies that the layer near the top side has the maximum content of EP.
In contrast, the absorption intensities in the range of visible light are increasing along the gradient direction from the bottom side to the top side of the sample. In addition, the increasing absorption between 400 and 600 nm (the range of blue-green light) makes the gradient IPN composite show gradual loss of tawny color.
Contact Angles
Contact angles can be employed to determine the gradient structure of the IPN because EP and PU have different surface wettability [42] [43] [44] . After the fracture surface of the IPN sample was well polished using a 5000 mesh abrasive paper, contact angles between the dried gradient IPN and redistilled water were measured (Figure 4) . Previous reports have indicated that surface tensions imparity and curing rate discrepancy of PU and EP are the main driving force in the self-gradient process [38, 45] . PU phase has higher surface tension and shorter gel time than that of EP phase in the IPN. Therefore, the earlier gelled PU phase will mainly distribute in the bottom of the IPN according to the thermodynamics, while the EP phase will be extruded to the top side of the IPN, which leds to the continues gradient distributions of the components. Thus, the water contact angle shows the same trend along the gradient direction.
DSC Analysis
To further explore the structure of the IPN, we used DSC analysis to study the changes of the glass-transition temperatures of sample slices along the gradient direction. The IPN samples are divided into 100 layers from bottom to top with a thickness of 21.5 um per layer. We cutting them layer by layer at the temperature of −50 °C by utilizing a microtome (CM1950 kryotome, Lecia Biosysterm, wetzlar, Germany). The 90th (rose), 45th (black), 15th (red) layers and a slice parallel to the gradient direction (blue) were selected for testing.
The baseline shift in DSC curve usually happens in the glass transition region of polymer due to the changes of heat capacity. As shown in the Figure 5 , the Tg of the 15th, 45th and 90th layers are −16.3, 14.1 and 51.8 °C, respectively. The glass-transition temperature increases along with the gradient direction of IPN from bottom to top. That can be explained by the content decrease of the PU phase in the IPN sample. Because of the relative faster curing rate of the polyurethane, PU gels earlier, and it will result in the IPN structure with PU as its main body (fewer EP content) near the bottom side. In contrast, the top side is the IPN structure with EP as its main body. The DSC curve of the whole slice appears as a multi-sidestep shape; that can be explained by the gradient distribution of the PU phase along the thickness direction in the IPN sample. 
TG Analysis
To investigate the thermo stability of sample slices in different regions of IPN sample, lmayers of the 75th, 50th, 25th, EP and PU were selected for TG analysis ( Figure 6 ). The rigidity of polymer chains and the crosslinking density of cross-linked polymers determine the thermal decomposition temperature (Td). Due to EP (LY-1564) is mainly composed of rigid chains such as benzene ring and carbon-oxygen bond, it has the highest Td (about 330 °C) and the largest residual mass (about 17%) at the temperature of 470 °C.
In contrast, PU is mainly composed of ether bonds. Because of these weaker bonds and the lower crosslinking density, the thermal decomposition temperature of PU is around 210 °C. The thermal decomposition process of PU can be separated into 3 stages: 210~280 °C, 300~380 °C and 400~450 °C. The first stage represents the decomposition of the C-O bond as well as the generation of isocyanate and polyhydric alcohols. Parts of the generated isocyanate would volatilize which led to the weight loss in the first step. Meanwhile, the rest isocyanate would be self-aggregate into dimer or trimer. The second stage is that the dimers/trimers resolve into amines, alkenes and carbon dioxide. In addition, the volatilization of these products caused the second weight loss. The first two stages lose about 55% of PU weight, which exactly equal to the percentage of the isocyanate in PU. The final stage is the pyrolysis of the polyhydric alcohols. In addition, the pyrolysis products are water and carbon dioxide. The final residual mass is about 7% of the original PU.
The thermal decomposition temperature (Td) of the 25th, 50th and 75th slices in the IPN are 220, 247 and 268 °C, respectively. The residual weight of the 75th slice (11%) is heavier than that of the 25th (8%), and the residual weight of the 50th (10%) lies between them. This result can be explained by the decrease of PU content in the IPN along with the gradient direction from bottom to top. Meanwhile, shape of the TG curves of the gradient IPN is different from that of PU. This may be explained by the synergistic effect between PU and EP in this IPN structure.
AFM Analysis
The mechanical properties of the gradient IPN was characterized by PeakForce QNM (quantitative nanomechanical property mapping) mode on a Bruker Multi-Mode VIII AFM, which allows quantitative nanomechanical mapping of DMT modulus simultaneously (Figure 7a-c) when imaging the topography of samples at high resolution. Due to EP and PU have disparate mechanical properties at room temperature; quantitative nanomechanical property mapping is quite suitable for detection of phase distribution in the gradient IPN [17, 46, 47] . Fracture surface of the gradient composite was prepared as the same in the contact angle measurement. As shown in Figure 7a -c, there are layer structures along the gradient direction. The DMT modulus (Figure 7d ) of the three selected region are 80 ± 40 MPa (7/8 h), 160 ± 55 MPa (4/8 h) and 255 ± 55 MPa (1/8 h), respectively, which increases along with the gradient direction from bottom to top of the IPN structure. While, the adhesion force (Figure 7e ) of the three selected region are 21 ± 3 nN (7/8 h), 19 ± 4 nN (4/8 h) and 12 ± 3 nN (1/8 h), respectively, which decreases along with the gradient direction from bottom to top of the IPN structure. This results from the earlier gelled PU phase moving toward to the bottom in the solidifying process, meanwhile the EP phase was extruded to the top of this IPN. This progress would have been frozen before a complete phase separation, which leads to the generation of the gradient structure.
DMA Analysis
Damping curves of EP, PU and the three kinds of IPN materials are shown in Figure 8 . The best damping performance of EP and PU appears at −19.5 and 97.6 °C, respectively, thus they are not suitable for using alone. The IPN modification technology is one of the most widely used methods for polymer modification. As is shown in Figure 8 , the damping temperature ΔT (in which loss factor value is larger than 0.3) of the homogeneous IPN locates in the range of 23.2-116.7 °C with a distinct peak (value: 1.21) at 65.8 °C, which can be used as traditional polymer damping material. However, though the damping temperature ΔT of this homogeneous IPN has been shifted into the general service temperature regions, their storage modules are not high enough to provide the self-supporting strength within the ΔT. The common improvement is pasting several IPN layers with different Tg together, which is named the graded IPN. DMA curves show that the damping temperature range of this graded IPN is from −25.8 to 120.7 °C, which is wider than the other IPNs. However, the tanδ of this graded IPN is less than 0.65, which is lower than others. What is more interesting, the gradient IPN has a good balance between the damping temperature range and the loss factor. It is suitable for using as a self-supporting damping structure which can provide self-supporting strength and keep its shape in working temperatures. When the soft side is pasted to substrates and the hard surface is exposed outside, this kind of structure can be used as a replacement of constrained damping structure, reducing stress concentration and risk of joint failure [48] . Besides, comparing to the graded IPN composite, the fabricating method of the gradient IPN is simplified.
There are three reasons that are responsible for the good damping performance of this continuous gradient IPN composite.
Firstly, interface friction is the main factor to influence the damping property [49] . Numbers of the interfaces are directly affected by the solubility of the components. Because of the relatively poor compatibility of the resins, phase separation (Figure 7 ) of the IPN would occur unavoidably and result in a multiphase structure Secondly, curing reactions of the components happen immediately the time when resins are mixed. The mixed resins will gel and cure before the complete phase separation, creating the gradient structure. The gradient IPN can be regarded as a kind of composite stacked up together by "infinite layers of IPN materials" [50, 51] (as is shown in Figure 7 , especially in Figure 7c ). Each "IPN layer" has different glass transition temperatures (Tg), and those Tg points transit from the glass transition temperature of PU to that of EP. Due to the "transition regions" in the gradient composite always exist and transfer along with the temperature change, this gradient composite show better damping performances comparing to homogeneous polymers. Besides, as is shown in Figure 7 , there are innumerable phase running through the adjacent layers. Under a certain temperature, one "IPN layer" may be under its Tg point while the other nearby is not; hence even the adjacent layers also have different responses during vibration. Phase that going across the adjacent layers will increase the vibration friction greatly [52] . Friction exists not only in each layer, but also in the adjacent layers.
Thirdly, the good damping properties of the gradient IPN composite can also be explained by the molecular structure. Ether bond and carbon-carbon bond in resins have lower barrier potential and are more flexible when compared to the rigid phenyl, urethane, allophanate and biuret group, etc. [53] . In IPN structure, the flexible bonds are restricted by the rigid chains. Because of the forced miscibility among the molecular chains, IPNs have greater friction force during vibrations than single component polymers [54] . Furthermore, there exist innumerable hydrogen bond between the polar molecules in the IPN structures, they undergo the bond crack and rebuilding during a vibration [55] [56] [57] , and thus it would bring more energy dissipation.
As to the graded one, though it has a wider ΔT comparing to the others, there are only six layers of IPNs existing and each layer has a relative large different responses to vibrations. On the one hand, the discrepant stiffness would restrict deformation and then the spread of vibration energy, which would decrease the energy dissipation. On the other hand, there would be only one layer has the best damping performance under a certain temperature in the graded IPN composite, but this layer would devote only a small part to the whole sample's damping performance. In a word, the continuous gradient IPN has the best damping performance when compared to the others.
Conclusions
We have prepared a gradient distributing IPN composite using EP and PU simply and inexpensively. We adopted UV-vis, TG, DSC, DMA, AFM and water contact angle to characterize this IPN composite, and found that the absorption in visible light region, glass-transition temperatures (Tg), thermal decomposition temperatures (Td) and DMT modulus were increasing along with the gradient direction from bottom side to top side of the IPN. While the absorption in ultraviolet region and adhesion force were decreasing along with the gradient direction from the bottom side to the top side of the IPN. DMA analysis demonstrates that this continuous gradient IPN has a good balance between the damping temperature range and the loss factor which is suitable for using as a self-supporting damping structure.
Compared to the traditional homogeneous IPN composites, these gradient IPNs with different shapes and thicknesses can be created simply by adjusting the shape of the mold, the pre-curing temperature and the pre-curing time. Due to the gradually changing modulus, this IPN composite has the potential to replace the constrained damping materials by direct generation on substrates. This gradient composite will minimize the mismatch of the abrupt interfacial tension changes and reduce the adhesion failures of damping structures. The service life of these damping structures will be greatly lengthened.
Supplementary Materials: The fabricating methods of the traditional gradient (or the graded) materials and some other characterizations (such as the infrared absorption spectrum, the scanning electron microscopy and the element content distribution) of the EP/PU gradient IPN composite can be found in the Supplementary Materials.
